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Ion content and cell volume in isolated collecting duct cells:
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Max-Planck-Institut fur molekulare Physiologie, Dortmund, Germany
Ion content and cell volume in collecting duct cells: Effect of hypoto-
nicity. On isolated inner medullary collecting duct (IMCD) cells of the
rat kidney the capability of osmoregulatory adaptation was investigated
in vitro. IMCD cells were isolated by differential centrifugation at 600
mOsm (268 mai NaCI) and subsequently exposed to hypotonic buffers
(300 mOsm, 118 mat NaCI). The alterations of ion content and cell
volume following this change in extracellular osmolanty were studied
by electron probe microanalysis and determination of intracellular
water. After swelling within 40 seconds to 152 15% of control (P <
0.001;N = 9) cell volume was restored after 15 minutes. This regulatory
volume decrease (RVD) was observed irrespective whether extracellu-
lar osmolarity was changed by using NaC1 or mannitol as the major
osmolyte. During RVD the cells lost sodium (48 11%) and chloride
(14 5%), and the potassium content remained nearly unchanged.
Correspondingly, sodium and chloride concentrations were progres-
sively lowered, whereas the potassium concentration changed only
transiently. RVD was diminished by l0— M NPPB, l0 M SITS and in
the absence of HC03. Twenty millimoles of ouabain or 5 mat barium
also inhibited RVD with little additive effect. A total of l0- M amiloride
and l0- M bumetanide showed no effect on the hypoosmotic volume
response. The experiments show that in isolated IMCD cells exposed to
hypotonic conditions, rapid reversible changes in cell volume and
sustained alterations in cell inorganic ion content occur, and thereby
transmembrane sodium and potassium gradients are maintained. Since
the loss in inorganic electrolytes does not account for RVD, the major
part of volume regulation seems to occur via changes in organic
osmolytes. Fluxes of inorganic osmolytes through a variety of pathways
and the alterations in organic osmolyte content therefore must be
closely coordinated.
The cells of the inner medullary collecting duct (IMCD) are
exposed to rapidly changing extracellular osmolarities during
diuresis and antidiuresis. Since investigations on these cells in
vivo are difficult, due to the complexity of the intact papilla,
some investigators [1, 2] have worked on excised papillae or
slices in vitro. Although the results of these studies could not be
correlated to a specific cell type, evidence was provided for
reductions in cell volume and an increase in NaCI contents in
the inner medulla with increasing extracellular osmolarity. Ion
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measurements by electron probe microanalysis [3—6] ex vivo
also indicated alterations of sodium, potassium, and chloride
content with changing extracellular salt load. In the latter
studies a considerable discrepancy between intracellular osmo-
lality calculated on the basis of the inorganic electrolyte content
and extracellular osmolarity was observed. This "osmotic gap"
seems to be filled in mammalian renal papilla by considerable
amounts of organic osmolytes, polyols, and organic amino
compounds participating in cell volume regulation [1, 7—101.
Changes in inorganic ion content and cell volume have been
postulated to be involved in short-term responses of IMCD cells
to osmotic stress, whereas changes in organic osmolytes seem
to be responsible for short-term regulation as well as for
long-term adaptation.
A variety of renal cells is known to be capable of regaining
their original volume (regulatory volume decrease, RVD) after
initial cell swelling in a hypotonic environment. These include,
for example, proximal tubules [11] and medullary thick ascend-
ing limb [12].
Since changes in volume and inorganic electrolyte content
during diuresis have not been investigated with high time
resolution and under defined extracellular conditions, the hy-
potonic adaptation of these parameters was investigated in
isolated IMCD cells. The studies reported below indicate that at
least in vitro IMCD cells undergo a rapid swelling and complete
RVD. The latter can only partially be explained by a loss of
sodium, chloride (and HC03).
Methods
Isolation of inner medullary collecting duct cells
Male Wistar rats (200 to 300 g) fed ad libitum and with free
access to tap water were sacrificed by cervical dislocation
(approved by Regierungsprasident Arnsberg and the Institute
Animal Care Committee). Kidneys were removed, the white
inner medullae carefully excised and minced in ice-cold 600
mOsm modified HEPES (N-2-hydroxyethyl-piperazine-N-2-
ethanesulfonic acid)-buffered Ringer's solution (pH 7.4). After
enzymatic digestion in the same buffer in the presence of 0.2%
collagenase, 0.2% hyaluronidase, and 0.001% DNase for 70 to
80 minutes at 37°C under continuous gassing with room air, a
three step differential centrifugation procedure (28 x g, 2 mm)
followed, as described previously [13]. The final cell prepara-
tion contained 90 to 95% collecting duct cells as judged by lectin
fluorescence (Dilochus biflorus) and was kept in 600 mOsm
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modified HEPES Ringer's solution on ice until initiation of the
experiment.
After adaptation to 37°C aliquots of the cell preparation were
resuspended in buffers of different osmolarities (600 mOsm, 300
mOsm) and incubated for different time periods at 37°C. In
some experiments transport inhibitors or other pharmacological
agents were present in the incubation medium.
Composition of solutions and reagents
The average osmolarity of the rat urine was 1268 299
mOsm, 52 4% being urea, which usually also comprises 50%
of the osmolality in the papilla. Since urea is supposed to be
osmotically inactive the osmolality of the isolation buffer was
accordingly reduced by 50%. Therefore, the standard "isoton-
ic" (600 mOsm) solution contained (in mM): 268 NaC1, 16
HEPES, 16 Na HEPES, 14 glucose, 10 Na pyruvate, 3.2 KCI,
2.5 CaCI2, 1.8 MgSO4, 1.8 KH2PO4. The standard "hypotonic"
buffer (290 5 mOsm) differed in NaCl content: it contained
only 118 m NaC1. In some experiments mannitol was used as
the major osmolyte. The isotonic mannitol buffer contained 118
mM NaCI plus 300 mM mannitol and the compounds described
above. Hypotonic mannitol buffer was prepared by omission of
mannitol. All solutions were adjusted to pH 7.4 with HEPES.
Transport inhibitors were used at the following concentra-
tions: amiloride (Sigma, Deisenhofen, Germany) iO M; bu-
metanide (gift of Dr. P.W. Feit, Leo Pharmaceutical Products,
Ballerup, Denmark) iO— M; NPPB (5-Nitro-2-(3-phenylpropyl-
amino)-benzoate, gift of Prof. Dr. R. Greger, Freiburg, Ger-
many) l0— ouabain (Fluka) 20 mM; SITS (4-acetamido-4-
isothiocyanato-stilbene-2,2-disulfonic acid; Fluka, Neu-Ulm,
Germany) i0 M.
Volume measurements
Cells were isolated as described above and subsequently
incubated with 3H20 (Du Pont de Nemours, Bad Homburg,
Germany; 10 jsCi/ml) and '4C-sucrose (Amersham Buchler,
Braunschweig, Germany; 1 Ci/ml). Tritiated H20 readily
enters the cells (preincubation proved to be unnecessary),
whereas sucrose does not permeate the cell membrane and can
therefore be used to correct for the extracellular space [1]. At
the end of the incubation period the cells were spun through
Silicon oil (Wacker-Chemie, MUnchen, Germany) of appropri-
ate density for 15 seconds at 14,000 x g to reduce extracellular
water and pelleted into 3 M NaCl. The pellet was dissolved in
0.2% SDS (sodiumdodecylsulfate; Serva, Heidelberg, Ger-
many) and aliquots were used for protein measurement or liquid
scintillation counting. Intracellular volume is given as [d
H20/mg protein]. Incubations in isotonic buffer (± reagents)
were carried out for every time point and are used as reference
for the corresponding hypotonic incubations.
Liquid scintillation counting
The sample of tissue extract was dissolved in Ready Protein
Plus scintillation cocktail (Beckman, Düsseldorf, Germany) and
measured in a Beckman scintillation counter LS 7800. Quench
curves for 3H and '4C were established to count both isotopes
simultaneously.
Protein measurement
Protein was determined in triplicate by a fluorometric method
described by Avruch and Wallach [14]. Tryptophan residues of
the protein were excited at 286 nm and the emission wavelength
at 338 nm was measured in a spectrofluorometer (Perkin-Elmer,
type 650-40; Uberlingen, Germany). Various concentrations of
bovine serum albumin dissolved in 0.2% SDS were used as
standards.
Determination of inorganic electrolyte content by electron
probe microanalysis
Essentially, the method described by Pavenstadt-Grupp,
Grupp and Kinne [15] was employed. In short, immediately
after incubation the cell suspension was centrifuged onto a
Thermanox'-disc in a cytocentrifuge (Shandon, Cytospin 2) for
15 seconds at 32 x g. Incubation buffer was removed by dipping
the disc briefly into ice-cold ammonium acetate-Tris buffers of
corresponding osmolarities (600 mOsm, 300 mOsm; pH 7.4). In
pilot experiments the effect of rinsing on ion content was
determined. Direct comparison of the data obtained after rins-
ing and those obtained by the analysis of sections of cryofixed
cells at different osmolalities were identical. Therefore, during
this time period in IMCD cells no changes in ion content do
occur. Cells were then frozen at — 176°C in nitrogen cooled
liquid propane and freeze-dried overnight at —100°C. After
coating with carbon the cells were analyzed in a scanning
electron microscope (ETEC Autoscan, Siemens, MUnchen,
Germany). X-rays generated by a primary electron beam di-
rected on a single cell were collected by a windowless energy
dispersive detector (Link LZ-5; Link Systems, High Wycombe,
Bucks, UK). Spectra of the cells were then analyzed with Link
software (ZAFPB). Standard spectra were produced by freeze-
dried 20% dextran solutions containing defined amounts of the
ions. Ion contents of sodium, potassium, and chloride are
therefore given as [mMollkg dextran].
Ion concentrations were calculated according to MacKnight
[16] and Stokes, Grupp and Kinne [13], assuming a ratio of dry
mass to protein of 0.33 under isotonic conditions. This ratio was
adapted to the experimentally observed changes in intracellular
water under hypotonic conditions, assuming no change in
protein content during this period of incubation.
Statistical analysis
For statistical analysis paired Student's t-test was employed,
a difference was considered as significant at P < 0.05. Mean
values with their respective standard deviations are given
throughout the paper.
Materials
All chemical reagents were of the highest purity commer-
cially available.
Results
Cell volume response of inner medullary collecting duct cells
to hypotonic conditions
Figures la and lb show the time course of cell volume
changes of IMCD cells following exposure to hypotonic buffer
(300 mOsm). Within 40 seconds the cells swelled by 52 15%
(P < 0.001; N = 9) from 3.17 0.25 p1 H20/mg protein to 4.78
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Fig. 1. Short-term (A) and long-term (B) volume responses of isolated IMCD cells to hypoosmotic conditions (time course). IMCD cells isolated
at 600 mOsm were incubated at 600 .j or 300 [Al mOsm for the time indicated and the cell volume was determined. The means of at least 3
experiments are given. Significant differences in Student's t-test between control and hypoosmotic conditions are marked by asterisks: * P < 0.05,
** P <0.01, P < 0.001.
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0.78 1d H20/mg protein. Then their volume decreased again
to 3.98 0.50 1.d H20/mg protein (P < 0.01; N = 14) after 100
seconds and reached 114 5% of control (P < 0.001; N = 14)
after five minutes. After 15 minutes of incubation in hypoos-
motic medium the initial volume was restored (101 9% NS; N
= 3) and remained constant for at least three hours at 98 11%
(NS; N = 3). Thus, isolated IMCD cells showed complete RVD
after initial swelling in hypotonic medium. To investigate
whether RVD was due to a reduction of intracellular osmolar-
ity, IMCD cells were first incubated in hypotonic (300 mOsm)
buffer for one hour and subsequently reexposed to isotonic (600
mOsm) buffer. As shown in Figure 2, after re-exposure the cell
volume rapidly decreased from 3.12 0.29 4/mg protein to
2.10 0.29 d/mg (or 67 12%; P <0.05, N = 3) within 100
seconds and remained constant at this level for at least one hour
(1.94 0.32; 63 9% of control; P < 0.05) without any
regulatory volume increase (RVI). Thus, isolated IMCD cells
shrink under these conditions indicating loss of intracellular
osmolytes after incubation in 300 mOsm buffer.
Intracellular alterations of inorganic electrolytes under
hypotonic conditions
To investigate how potassium, sodium, and chloride contrib-
uted to the reduced intracellular osmolarity, the intracellular
contents of these ions after exposure to hypotonic conditions
were measured.
Potassium. As shown in Figure 3, during the first few minutes
in hypotonic media the cell content of potassium decreased only
slightly, and after seven minutes the initial content was re-
stored. Due to the rapid initial cell swelling the potassium
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Fig. 2. Isoosmotic volume response of
____________________________
isolated IMCD cells after hypoosmotic
regulatory volume decrease. IMCD cells
____________________________ isolated at 600 mOsm were incubated in a 300
mOsm buffer for 60 minutes. Osmolarity of
the buffer was then elevated to 600 mOsm by
addition of NaCI. Volume was measured after
100 seconds, 5 minutes, and 60 minutes. Mean
* * * values SD of 3 experiments are given.
Significant differences are marked by
asterisks: * P < 0.05, ** P < 0.01, P <
0.001. The volume of the cells continuously
incubated at 600 mOsm was used as
isoosmotic control. Open bars represent the
_,_, I I I I I I I I volume changes after transition from 600
15' 60+100' 5 60' mOsm to 300 mOsm (hypoosmotic), and
closed bars the volume alterations after re-
exposure of the hypotonically pretreated cells
to 600 mOsm.Incubation time, seconds, minutes
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Fig. 3. Alterations of sodium (0), potassium(•) andchloride (*) content (A) and
concentrations (B) after exposure of IMCD
cells isolated at 600 mOsm to a medium of
300 mOsm (osmolality decreased by the
removal of NaCI). Mean values of at least 4
experiments are given. The deviation
indicated in the figure refers to the SD found
in the total electrolyte measurements. The
standard deviations in the determination of
single element content or concentration
amounted to 10 to 15%. Asterisks indicate
statistically significant differences: * P < 0.05,
** P < 0.01, P < 0.001.
concentration initially decreased, however, considerably (by
about 37%). Control levels were regained after 10 minutes of
incubation. After prolonged incubation both potassium content
and potassium concentration showed a tendency to increase by
about 10%.
Sodium. The results concerning sodium are also compiled in
Figure 3. During the first five minutes the intracellular sodium
content decreased rapidly to 53 8% of control and remained
at this level for at least one hour. The sodium concentration
decreased already within the first minute to 50 9% of control
and showed no further change.
Chloride. As demonstrated in detail in Figure 3, within two
minutes of incubation in hypotonic buffer the chloride content
decreased to 77 10% of the isotonic control, and no further
alteration was observed during one hour of incubation. With
regard to intracellular chloride concentration, a rapid decrease
within one minute to 55 1% was followed by a partial
recovery during the next nine minutes to 79 7%. Thereafter,
intracellular chloride remained constant at a level of about 86
5% of control.
Total inorganic electrolytes (sodium, potassium, chloride).
Figure 3 also depicts the sum of sodium, potassium and chloride
content. Total inorganic electrolyte content decreased to 81%
of control within two minutes. After 10 minutes, however, total
inorganic electrolyte content had increased again to 92% and
after 60 minutes the control level was reached. The concentra-
tion of the osmotically active ions sodium, potassium and
chloride was lowered to 58% within one minute. After five
minutes, when RVD was almost complete, the intracellular
concentration of the inorganic osmolytes had reached 71% of
control level and after 60 minutes the control level was re-
gained. These findings suggest that losses of other osmolytes
(probably organic osmolytes) eventually account for all the
solute loss necessary to maintain the control volume under
hypotonic conditions.
Pathways participating in volume and solute changes induced
by hypotonicily
The effects of several transport inhibitors were tested to
investigate the pathways possibly involved in the alterations of
intracellular ions and cell volume. The inhibitors were present
in the incubation buffer to which the cells were exposed at the
beginning of the incubation.
Effects of cation pathways inhibitors on the hypotonic volume
response
As can be seen in Figure 4, in the presence of 20 mri ouabain
cell volume increased by 34 9% within 100 seconds from 3.26
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response. IMCD cells isolated at 600 mOsm were exposed to hypoos-
motic conditions in the presence or absence of inhibitors presumably
acting on anion transport pathways such as SITS (l0- M) or NPPB
(10k M). Volume alterations are given in percent of the volume at 600
Fig. 4. Effectofcation pathway inhibitors on the hypoosmotic volume
response. IMCD cells isolated at 600 mOsm were exposed to hypoos-
motic conditions in the absence or presence of 20 mu ouabain, 5
barium or both. Volume alterations are given in percent of the volume
mOsm. Filled bars represent volume alterations after 100 seconds (U,
NaCl, no mannitol) shaded bars those after 5 mm (B). Mean values
SD of 3 experiments are given. Sigmficant differences of volume
alterations between incubation without and with inhibitor, * P < 0.05.
at 600 mOsm. Filled bars (U) represent the volume alterations after 100
seconds, shaded bars (B) those after 5 minutes. Mean values SD of 4
to 5 experiments are given. Significant differences of volume alterations
between incubation without and with inhibitor are marked by asterisks, three minutes. Thus, in the presence of SITS cell volume
increase was significantly (P <0.05) higher compared to cell
volumes found in the absence of the inhibitor and no RVD
occurred.
0.10 p1/mg protein to 4.37 0.39 p1/mg protein. After five The effects of SITS suggest, among other possibilities, the
minutes the cell volume was 3.96 0.54 slJmg protein (127 participation of a Cl/HC03 exchanger and/or Na/HC03
11%; N = 4) and was not significantly different from the 100 symporter in the volume regulation. Therefore the effect of
second value. Thus, RVD was completely inhibited by ouabain. HC03 removal on the volume response was investigated.
It is known that rat papillary Na,K-ATPase is rather insensitive Experiments carried out under continuous gassing with nitro-
to ouabain [17], therefore, 20 mui ouabain were used. gen to make the buffer nominally HC03-free produced the
Similarly, in the presence of 5 m barium the volume initially same inhibition of RVD as observed in the presence of SITS.
increased by 32% from 3.60 0.20 to 4.75 0.37 p1/mg protein. Cell volume increased to 140 2% (P < 0.01; N 3) after 100
After five minutes the cell volume was 4.29 0.17 p1/mg seconds and remained almost constant: 132 5% after five
protein. Thus, in the early and in the late phase cell volume in minutes (P < 0.01; N = 3). All these values were significantly
the presence of barium was significantly higher (P < 0.05) than higher than in the solutions prepared in the presence of room
in its absence (122 3% after 100 seconds and 108 3% after air.
5 mm); that is, RVD was partly inhibited. In Figure 5 the effect of l0— M NPPB is also shown. Within
As also shown in Figure 4, combining 20 mus ouabain and 5 100 seconds the volume increased to 151 8% (P < 0.05; N =
m barium did not reveal any significant additive effects in 3) and amounted to 140 2% (P < 0.001; N = 3) after five
RVD inhibition. minutes. Cell volume found at 600 mOsm without inhibitor
In the presence of 1 mrt amiloride cell volume increased to showed significantly smaller changes to 136 1% and 112
130 14% (P < 0.01; N = 4) within 100 seconds and returned 4%, respectively.
almost to the control levels after five minutes (114 9%; P <
0.01; N = 4). The cells without inhibitor showed a volume Effect of bumetanide on the hypotonic volume response
increase to 129 6% (P <0.05; N = 4) after 100 seconds and In the presence of i0 M bumetanide the cell volume
115 5% (P < 0.01; N = 4) after five minutes. Thus, no response was neither altered after 100 seconds (134 13% vs.
significant effect of amiloride on RVD could be detected. The 129 6%) nor after five minutes (112 9% vs. 115 5%; N =
high amilonde concentration was chosen in view of the high 5).
sodium content of the media and in order to block all possible
pathways for sodium. Dependence of the hypotonic volume response on sodium and
chloride gradients
Effects of anion pathway inhibitors on the hypotonic volume To test whether a change in sodium and chloride concentra-
response tion rather than a decrease in osmolality elicited the volume
First, as shown in Figure 5, the effect of 1 m SITS was response the hypotonic volume response was determined using
investigated. Within 100 seconds after exposure of the IMCD mannitol as osmolyte, keeping the extracellular sodium and
cells to hypotonicity cell volume increased to 150 6% (P < chloride concentration constant albeit at a lower level. In these
0.05; N = 5) and remained at the same level for at least the next experiments the cells were already isolated in a low sodium 600
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Fig. 6. Dependence of hypoosmotic volume response on sodium and
chloride gradients. Volume alterations of IMCD cells are shown after
decrease of extracellular osmolarity from a 600 mOsm buffer (Q, NaC1
plus 300 mOsm mannitol) to 300 mOsm by omission of mannitol. The
control cells (U) were incubated in corresponding NaCI buffers. The
volume alterations were measured after 40 seconds, 100 seconds, and 5
minutes.
mOsm buffer containing 300 mOsm mannitol and afterwards
exposed to a 300 mOsm buffer without mannitol.
As shown in Figure 6, the initial cell volume was not
significantly different from that of cells isolated at higher
sodium concentrations. After exposure to hypotonicity it in-
creased by 46 8% from 2.99 0.20 dImg protein to 4.37
0.45 dJmg protein (P < 0.05; N = 3) within 40 seconds. After
100 seconds the volume increase was reduced to 125 6% (P <
0.05; N = 3) of isotonic control and after five minutes to 116
5% (NS; N = 3). Thus, the volume response and RVD were not
significantly different whether extracellular osmolarity was re-
duced by decreasing sodium concentration or by decreasing
mannitol leaving the sodium concentration at a constant level.
Intracellular alterations of ions
To investigate what ion movements occurred in the manmtol
experiments the ion content of the IMCD cells was measured
after one and five minutes.
The only electrolyte that behaved differently under these
conditions was chloride. The chloride content was significantly
lower in cells prepared in the low sodium high mannitol buffer.
During hypotonic exposure (removal of mannitol) the chloride
content decreased to 88% within one minute and remained at
this level. This loss in chloride was significantly lower than the
loss observed in cells exposed to low sodium chloride hypoto-
nicity (12% compared to 20% of the initial value and 30 mM/kg
dry wt compared to 50 mM/kg dry wt). Correspondingly the
chloride concentration was lower in low sodium mannitol buffer
and the reduction under hypotonic conditions was less marked:
—29 5% versus —36 5% after one minute and —24 5%
versus —31 4% after five minutes.
Discussion
Methods
To measure cell water in isolated IMCD cells a method
initially used to investigate metabolism of mitochondria was
adapted [18, 19] to cell suspensions. In it tritiated water is used
as a marker of the total volume and '4C sucrose as marker for
the extracellular space. The value of 3.12 0.28 l intracellular
water/mg protein observed in our studies at 600 mOsm is lower
than those found in the literature. Morgan [2] found 4.17 0.11
id/mg protein of intracellular volume in slices of rat renal papilla
using a 520 mOsm buffer (including 200 mOsm urea). Law [1]
measured a cell volume of 4.0 0.2 1.d H20/mg dry weight in
slices of whole papilla at 730 mOsm (286 m urea) also using
sucrose as extracellular space marker. The discrepancy might
be partially due to the presence of other cells in the papilla (such
as additional mTALH, interstitial cells) when slices are used or
due to methodological differences.
The element concentrations found in this study agree only
partly with those found by other investigators (Table 1). For
intracellular potassium concentration the agreement is quite
good. In almost all studies a potassium concentration of about
110 to 140 m was found. Since IMCD cells are known to
possess a barium-inhibitable potassium channel [17] some po-
tassium might have been lost during the rinsing procedure in
ammonium acetate before freezing. Therefore, reference mea-
surements were performed on cryofixed sections in a scanning
transmission electron microscope where rinsing of the cells is
avoided. The resulting values did not differ significantly from
those found by the method used in this paper and were
comparable to that found by Stokes, Grupp and Kinne [13],
thus indicating that potassium concentrations close to the in
vivo concentrations were measured in our studies.
As evident from Table 1, large differences exist in intracellu-
lar sodium concentrations obtained by various authors. Espe-
cially in older publications high sodium concentrations have
been reported irrespective of the method used (electronprobe
microanalysis [6], photometry [2]). These discrepancies can be
explained by the now established large differences between
intra- and extracellular sodium concentrations [this study; 3]. A
small underestimation of the extracellular space, a subtle alter-
ation in membrane permeability or a disturbance in cell metab-
olism during sample preparation thus can lead to a marked
increase in intracellular sodium.
In other studies intracellular chloride varied between 31 [4]
and 331 [6]. The majority of values cluster around 70 m. These
values are similar to those found in the cells of the thick
ascending limb of Henle's loop (TALH) where chloride is
assumed to be above the electrochemical equilibrium. The high
intracellular concentration in these cells is explained by the
presence of a Na-K-2Cl cotransport system that actively accu-
mulates chloride intracellularly [18—21]. Since such a transport
system has also been described in IMCD cells, the high intra-
cellular chloride is conceivable. The low level of intracellular
chloride observed by Beck et al [4] after diuresis induced by
furosemide treatment can be explained on the same basis by
assuming an inhibition of the cotransporter in the IMCD cells
by this loop diuretic.
Water and inorganic electrolyte movements
As demonstrated above, the exposition of IMCD cells to
hypotonic conditions leads to rapid water entry into the cell.
The cells swell and the extracellular space within the tubular
fragments is reduced (from 1.35 0.09 to 0.91 0.17 p1/mg
protein), suggesting volume increase at the apical pole of the
tubule fragments with intact basal membranes. This is in
agreement to the findings of Sun and Hebert [22], who observed
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Table 1. Comparison of intracellular ion concentrations found in collecting duct cells
Reference Method
Extracellular concentrations mM Osmolarity
mOsm
Intracellular concentrations mw
[K]e [Na]e [Clje [K]1 [Na]1 [Cl—]1
[2] Photometry 5
5
150
600
513
1413?
103 7
129 5
95 12
445 16
[20] Photometry 5 163 146 350 113 7 14 I
[6] (EPMAA) (Urine!) 1200—2200 156 56 344 127 331 108
[3, 4] (EPMAA) Antidiuresis
Diuresis (furosemide)
135 1
94
28 1
11
76 3
31
[1] Photometry
C1-electrode
6
6
203
400
167
364
730
2000
134 3
133 61
11 4
108 16
70 49
152 14
[13] (EPMAAa) 5 135 126 300 123 9 24 4 63 5
[15] (EPMAAb) 5 144 126 300 135 34 123
Own results 5 144 126 300 150 16 20 2 77 15
(1 hr incubation) 5
5
294
444
276
426
600
900
137 8
133 9
40 5
75 12
92 13
143 29
Summary of the values of intracellular ion concentrations found in IMCD cells using various methods and experimental conditions. Rajerison
et al [20] used "medullary collecting tubules." Abbreviations are: EPMAAa, electron probe microanalysis on cryofixed sections of the papilla;
EPMAAb, electron probe microanalysis on whole cryofixed IMCD cells. As far as available, means SD are given.
more extensive alterations in inner than outer diameter of
IMCDs during swelling.
During the initial period of cell swelling a loss of potassium is
observed. This loss might occur through a calcium-dependent
potassium channel. It has been observed recently that intracel-
lular calcium in IMCD cells undergoing exposure to hypotonic-
ity rapidly increases and levels off after about live minutes (F.
Mooren et al, unpublished observations). At about the same
time the original cell volume is regained and stretch on mem-
brane components ceases. In addition, calcium-sensitive potas-
sium channels are barium-sensitive, as is RVD. All these
observations are in agreement with the postulated mechanisms.
Direct measurements of the potassium channel activity in
IMCD cells are, however, necessary to support this assump-
tion. After RVD is completed a net uptake of potassium occurs.
This uptake could occur after closure of the hypotonicity-
induced potassium channels. Possible pathways are the Na-K-
ATPase or a H/K exchanger (probably ATP driven) as de-
scribed in other tissues [23]. Such an exchanger would provide
the necessary charge compensation for potassium uptake in a
phase where no net movement of chloride or sodium is ob-
served.
With regard to exit pathways for sodium several possibilities
exist. Increased potassium permeability could in turn activate
the Na-K-ATPase, as described for the activation of sodium
transport in proximal tubules by thyroid hormones [24]. This
increased recycling of potassium might lead to active extrusion
of Na out of the cell. Such mechanism could explain the
inhibition of RVD by ouabain but would probably be blunted by
the strong initial decrease in intracellular sodium caused by cell
swelling.
Since amiloride did not influence the RVD an amiloride-
insensitive sodium transport system could be involved. A
potential candidate would be a HCO3/Na co-transporter [25]
since RVD is inhibited by removal of HC03 from the buffer
and by SITS. However, since alterations in intracellular pH
cannot be excluded under the conditions of HC03 replace-
ment, this conclusion remains speculative. In IMCD cells of
rabbit a primary active hydrogen pump has been identified [26,
27] that might participate in RVD and counter the effects of the
bicarbonate transport. The inhibition of the RVD by ouabain
could then be explained by a membrane depolarization that
would diminish the driving forces for the strongly electrogenic
3HCO3fNa cotransport. Indeed, preliminary experiments
suggest a considerable contribution of the Na-K-ATPase to the
membrane potential in IMCD cells (F. Wehner, unpublished
observations).
During RVD there is also rapid net loss of chloride. Based on
the inhibition of RVD by the chloride channel blocker NPPB,
our current hypothesis is that most of the efflux occurs after
activation of a C1 channel. However, the concentration of
NPPB used in these experiments was fairly high and effects on
other anion exchangers cannot be excluded, since the anion
binding sites of the known chloride pathways are supposed to
be quite similar, thus limiting the specificity of the inhibitors
[28]. The activation and down-regulation of the channel could
occur by the above-described changes in intracellular calcium.
In addition, however, exit of chloride via a CIIHCO3 ex-
changer, recently described in these cells, could occur [22, 29].
The volume regulation is not dependent on changes in the
extracellular concentrations of sodium and chloride, since the
same volume response is observed when mannitol is used as
osmolyte. The net movement of chloride is, however, reduced
when the sodium chloride concentration is kept constant. This
might be due to smaller alterations in driving forces for this ion.
RVD in hypotonic volume regulation in extrarenal cells is
usually assumed to involve loss of potassium and chloride ions
[23, 30]. The exit of these ions is via simultaneously activated
potassium and chloride channels [30—32] via potassium and
chloride cotransport [33—35] or via K/H and C1/HC03
exchangers [36].
Renal medullary TALH cells of mouse also show RVD.
Participation of potassium loss via an apical potassium channel
combined with chloride loss—probably via a basolateral chlo-
ride channel—is supposed to be the cause [37]. RVD in non-
perfused proximal tubule leads to potassium loss [38], Welling,
Linshaw and Sullivan [39] found an inhibitory effect of barium
on cell volume regulation of rabbit proximal tubule. Lang, VOlkl
and Paulmichl [40] describe a combination of potassium channel
and sodium-driven HC03 transport, the replacement of K by
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H causes the cells to become more acid and lose further
potassium. RVD of MDCK cells is accompanied by loss of
potassium, chloride and amino acids [41]. VOlkl, Paulmichl and
Lang [42] identified a nonselective ion SITS-sensitive ion chan-
nel with selectivity for Na, K, and Cl— 1:5:5.
Under the standardized conditions of this work the IMCD
cells, however, lose sodium and chloride whereas the potas-
sium concentration seems to remain constant on the long run,
as already supposed by Morgan [21.
As shown in Table 1 the findings of various other investiga-
tors confirm constant values of potassium concentration during
volume regulation. Beck and coworkers [4], however, found
decreasing potassium concentrations with decreasing osmolar-
ities during furosemide diuresis ex vivo. Furosemide might
influence the potassium content Of IMCD cells by itself since a
bumetanide-sensitive Na-K-2Cl-cotransporter has been found
in IMCD cells [43]. Beck et al also describe reduction of
interstitial potassium concentration during diuresis [4]. If po-
tassium distributes passively across the membrane, the lower
intracellular potassium can easily be explained by the decrease
in extracellular potassium in vivo, whereas in the experiments
described in this paper the extracellular potassium concentra-
tion is kept constant during the experiments.
Contribution of intracellular inorganic osmolytes to hypotonic
volume response
When the extracellular ion concentrations were reduced by
50% in the first 40 seconds, the total intracellular ion content
decreases by 20%. The initial decrease in total ion concentra-
tion to 60% has therefore to be explained by dilution during cell
swelling. Thereafter cell volume decreases although the total
inorganic electrolyte content increases again. Therefore, the
movements of inorganic osmolytes seem not to be closely
correlated with regulation of cell volume, but rather destined to
keep intracellular potassium concentration and transmembrane
ion gradients for sodium constant. This might be essential for
the cell since metabolic function of the cells as well as mem-
brane transport processes are strongly affected by variations in
ion concentrations [44, 45]. In extrarenal cells the capability to
adapt to variations in extracellular osmolarity (about a maxi-
mum of 10%) by changes in intracellular electrolytes seems to
be sufficient. The osmotic load in renal medulla, however,
seems to exceed this capability and the cells follow an addi-
tional strategy: the IMCD cells possess organic osmolytes such
as sorbitol, inositol and GPC that support the volume regulation
[46—50] and at the same time have protective effects against high
salt load. Since very fast changes in osmolyte efflux have also
been reported after hypotonic exposure of IMCD cells [51—53]
the reduction of intracellular levels of these organic osmolytes
could explain RVD inspite of nearly constant inorganic os-
molyte content. Thus, organic osmolytes seem to contribute
considerably to rapid volume regulation during hypotonicity—a
function previously thought to be fulfilled mainly by inorganic
electrolytes.
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